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) Several runs were made reactir4_natural silicates with methane, methane-

S; hydrogen mixtures, carbon, and silicon carbide. Reduction occu/'redwith the

iJ production of carbon m_noxide, metal, and slag. The carbon oxides produced account _"

for 90% of the carbon entering the reaction Refinements were made in reactor and

_! inlet tube design. _.__
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E

I. OBJECTIVE

I The objective of this p1_gram is to study the reduction of natural silicatesi"

with methane, carbon, hydrogen, and mixtures of methane and hydrogen. Sufficient

i data will be obtained to permit a preliminary evaluation of this reaction as a step

(-- in the reduction of silicate materials (lunar raw materials) to produce oxygen.

i iI. SUMMARY

The program is divide! into three tasks: Task l, Design and Fabrication;

I Task 2, Reduction of Igneous Rocks; and Task 3, Reports. Work under Task I was

completed during the first quarter of the program (Reference 1).

Uuder Task 2, several runs were made reacting natural silicates with methane,

methane-hydrogen mixtures, carbon, and silicon carbide. Silicate reduction ac-

I companied by the production of carbon monoxide occurred in all of these runs. Up

[_ to 90% of the carbon used in the reactions was obtained as carbon oxides. Con-

il siderable difficulty was experienced with methane inlets of simple design.
The program is proceeding on schedule. Future work will continue to investi-

gate reduction of silicates with methane and carbon.

III. TECHNICAL DISCUSSION

A. TASK 2, IGNEOUS ROCK REDUCTION

1. Run ll

I
[. a. Test Conditions

Coarsely ground granite (55.8 g) was placed in an altmlina

-', crucible and the rock reactor was set up in the usual manner. Analyses of this

, granite are given in Table I. A single inlet tube was used in this experiment. The

I.i crucible was composed of high-purlty alt_ina with a working temperature of 1900°C.

Page i
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llI Technical Discussion, A (cont.) Report _o. 0765-02-2

The crucible was l-i/2-in. OO by 3-i/2-in. high. The tube was of the same quality

alumina, measuring 1/4-in. in outer diameter with a 9.187-in. wall. The rock

reactor was heated to l_O0°C over a period of 1 hour, using an argon flow of 1.55

scfh purging through the melt. These conditions were maintained for 45 min. Hydro-

gen flow was then established at 0.99 scfh; argon flow was stopped completely. In

less than lO min, the reactor temperature fell from 1800°C to 1470°C. Argon flow

was re-established at 0.92 scfh with no h_drogen flow. The temperature leveled out

and returned to 1800°C within 30 min. At this point, the Pyrex base broke and the

unit was shut _own.

b. Water Production

Some 0.614 g of water (1.07 wt% of charge) was obtained

while the melt was heated to 1800°C with argon flow. An additional 0.224 g (0.40

wt% of charge) of water was obtained during the period of hydrogen flow.

c. Examination of the Reactor

The rock melt had completely leaked into the zirconia in-

sulation surrounding the lower portion of the tungsten susceptor. The lower portion

of the crucible had melted away except for the bottom and for about 1/16-in. of the

,! _Ta].l.The upper portion of the crucible was fractured but not melted. The lower

portion of the crucible piece indicated considerable bulging before breakage. The

ii i/4-in, almnina inlet gas tube was intact, but the lower end showed softening.

j_ d. Conclusions

_ The sudden, pronounced drop in reactor temperature was

caused the high h_at capacity of hydrogen gas. The furnace does not have the

i reserve power to compensate for high hydrogen flow rates In addition, it is be-

lieved that the alumina crucible cracked by the.nnalshock. The escape of the molten

li granite led to the breaking of the Pyrex base. A summary of the test condition_ and

results for Runs ll through 22 are given in Table 2.

**)if .o. Run 12

I_ a. Test Conditions

A s_uple of the same granite (54.8 g) was placed in a zir-

!I conia crucib].e. Inlet gas feed tubes were zirconia, i/4-in. OD, for the Jacke_

I_ Page 2
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tube and i/8-in.-OD alumina for the center feed tube. The crucible measured
gas

about 1-1/2-in. ID by 3-in. high ir_side,with a rock depth (before melting) of 1-

Ill 13/16-in. and 1-3/16-in. free beard. A feed of 0.705 scfh hydrogen to each tube
(1.41 scfh) was established. Ove_ a period of 1 hour the temperature rose to a

('_ maximum of 1200°C at lull furnace load. The hydrogen flow was then reduced to 0.275

scfh in the jacket tube, leaving 0.705 scfh in the center feed tube. Under full

furnace power, the temperature rose to a maximl,mof 1310°C. The induction unit grid

I coil was lowered one notch for possible additional power. Then when excessive cur-

rent was noted in the 25-watt bulb resistor, the grid coil was again raised. Argon
{

flow was established at 0.660 scfh in the center tube and 0.890 scfh in the jacket

tube. In 42 rain,the temperature rose from ll_O°C to 1800°C. Hydrogen flow was

i then established in the Jacket tube at 0.289 scfh with 0.670 scfh argon in the
• center tube. The temperature remained at 1800°C for 15 min. Argon flow was then

shut off and methane was fed through the center tube. At this point, the Pyrex basebroke and the unit was shut down.

I b. Water Production
Some 1.45 g of water (2.6 wt% of charge) was obtained dur-

I_ ing the initial treatment with hydrogen gas. An additional 1.75 g (3.2 wt% of
I.
- charge) of water was collected during the period of hydrogen flow at 1800°C.

(.'. c. Examination of the Reactor
|..

The crucible was intact except for a small fracture in the
i

I bottom which allowed the melt to leak into the lower portion of the tungsten sus-

ceptor. The inlet tubes had also broken; presumably bhls occurred when an attempt

was made to pull them out of the melt at the end of the run_

d. Conclusions

The breaking of'the Pyrex base plate was again caused by

molten material leaking through a broken crucible. The high percentage of hydrogen

in the reactor could account for the diffic_1.ty in reaching the reaction temperature

because the thermal conductivity of hydrogen is ten times greater than that of

! i argon. In an argon atmosphere, the circulating water through the induction coll
_ can carry away heat equivalent to 0.3 k_ (4.29 kca] per rain);in a hydrogen atmos-

i phere the equivalent loss is 3.1 kw. This is a large portion of the total i0 kw!:i
!!i Page 3
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of power produced by the unit. Again. the breaking of the crucible can be accounted

for by the thermal shock upon the introduction of hydrogen.

3. Run 13

a. Test Conditions _

I A sample of granit_ (72.9 g) was placed in a zirconia

crucible (same as Run 12). A single i/4-in. OD by i/8-in. ID zirconia inlet feed .-

gas tube was used. A feed of 0.36 scfh argon _as maintained while the crucible was

heated to 1800°C; then O.12 scfh of a 95% CH4 + 5% H2 mixture was fed into the _-."

crucible along with the argon. The inlet tube broke off shortly after the methane _.,6

stream was turned on and the run was terminated. _

b. Examination of the Reactor
?

The break was approximately 1-3/4 in. above the melt level _,

and could have resulted from thermal shock when the methane stream was turned on.
¢

The crucible was intact and the Pyrex base was not broken. A small portion of the '

melt appeared to have leaked through small holes in the crucibl_ and caked the ,_.

insulation that was supporting the crucible. No quantitative data were obtained _!

i during this run.
4. Run 14

I

a. Test Conditions

! A sample of _ranite (97.9 g) was placed in a zirconia

! crucible. A single i/4-in. OD by 3/16-in. ID thoria inlet gas tube was used. A

'! feed gas of 0.12 scfh of argon was maintained in the crucible throughout the run. _'

I In addition to the argon feed, an argon purge of 1.5 scfh was maintained in the

1 bell jar throughout the run. The purpose of the argon purge was to sweep the ':
J

I products of combustion rapidly from _he bell Jar and to minimize the cooling effectc

i of hydrogen. When the crucible temperature reached 1350°C 3urging was noted in the

i=1 manometer which measures the feed gas line pressure drop. This is believed to be i_,

! caused by tie argon gas bubbling through the molten granite. After about p min the

bubbling stopped, indicating that the inlet tube had broken off above the liquid i

level. The Pyrex base cracked when the temperature reached 1690°C1 because the i,-]

'il
Page 4 i.
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crack "__s small, the run was continued. A flow of O .06 scfh of 95% + 5% H2 was
CH4

fed through _he inlet tube when the crucible reached 18OO°C. After a few minutes a

I small amount of carbon was observed rcllecting on _he bell jar. The methane rate
!
_ was increased to O.12 scfh after about IO rain. More carbon was noted on the bell

jar, and _.fter15 mln the inlet tube clogged. An analysis of the product gas shewed

i, tnat there was some carbon az,noz=id,.= present, but quantitative data could not be

obtained. [

b. Examination of the Reactor !

The thorla inlet tube was found broken off 2-5/8-in. from

the outlet end (i.e., about 1-1/2-in. abOve the liquid level). _ie broken piece of

thoria could not be found in the melt. However, a thin _".itelayer was noted on

the bottom of the clea_-light-green glass. This white layer was believed to be the

remair_ of the thorla tube which was dissolved by the glass. The crucihle was in-

tact but had leaked a very small amount through several small holes in its wall.

The walls of the crucibles did not seem to have been bulged or thinned so it is

concluded that the leaks were caused by imperfection in the crucible. The portion

of the inlet tube which remained in place was clogged with carbon formed by pyrolysis

of the methane.

5. Run 15
f

" a. Test Conditions

Run 15 was the first of a series of runs using carbon or

silicon carbide as the reducing agent. The conditions and results of Runs 15

through ">2are summarlzed in Table 2. Methane was used only in Run 15. The analyses

of zr&nite and basalt used in these runs are listed in Tables 1 and 5. Table

summarizes the carton balance for each of the runs.

1 In Run i_, a zirconia crucible was charged with basalt
(99-1 g) and carbon (3.0 g); the methane inl,_.ttube was provided with an outer

Jacket for cool_ng hydrogen. The inlet was fabricated from zirconia and alumina

tubes. The reactor was heated with the following flowc: argon purge (Oo48 scfh),

cooling H2 (0._3 scfh), and inle_ H2 (0.205 scfh). At llOO°C, carbon monoxide• evolution was first noted as the temperature was gradually raised; _he evolution

of carbon monoxide continued for 2-1/2 hours and then rapidly decreased. The maximum

Page 5
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-j

temperature which could be reached was 1590°C. A methane-hydrogen (95/5_o)mixture

was initiated at 0.I scfh and maintained for 43 mln. During this time the carbon

monoxide content of the exit gas increased. The experiment was terminated when

carbon began to accumulate on the induction coils. The conditions throughout the

entiA'erun are given in Table 5.

b• Results

Inspection of the reactor showed that the inlet tube as-

sembly had melted about i/2-in, from the end but remained open to deliver methane ._

above the melt surface. Magnetic metal (_.98 g) was recovered. The total carbon

monoxide recovered corresponded to 3.17 g of carbon (i.e., 90% of the amount of

carbon added to the charge).
~-

C. Conclusions

!_ Hydrogen cooling of the inlet tube aids in keeping the inlet :
tube open. The fact that the rea_ion continued even after the inlet tube had -

I_ melted at the tip and injected methane above the surface of the melt suggested a !_new design for inlet tubes. This design is discussed under Section III,B (Equip-

ment Modification). It was also decided to make a series of _ns with carbon-rock

mixtures in order to determine the temperatures and rates of the various reduction

reactions and t) what extent the carbon could be recovered. At the Same time, im-

proved inlet tube and reactor designs were being fabricated so that them ore

difficult methane reductions could be carried out at a later date.

6. Run6 _

a. Test Conditions

Run 16 was designed to react basalt with enough carbon t_ :

! • reduce all of the iro_ oxides and some of the silica 0o determine the temperaturesand rates of the reduction reaction. A zirconia cn_cible was charged with basalt

(50.1 g) and carbon (5.0 g) and placed in the reactor. An argon purge (0.96 scfh)

il w_s used to sweep the product gases from the reactor. A record of the variables

observed during the reaction is given in Table 6. The carbon monoxide conten_ of

If the product gas gradually increased over a time period of 3 hours and _0 min. At f

1660°C, the reaction became very vigorous and a large amount of sublimate began to

il deposit on the induction coils; at this time the run was terminated.
}

2_ge 6

li
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1
The production of carbon monoxide occurrir4_ at the low i

[_ temperatures was due to the reactionwith ironoxides. This reactionbecame very 1

vigorous at higher temperatures and caused a large amou_utof sublimate to be carried iI

! out of the melt. The amount of carbon recovered as carbon monoxide and carbon dioxide !
[_; !

corresponded to 66% of the carbon in the charge. Examination of the reactor

i indicated that considerable frothing of the melt had occurred.
}
+

=. Conclusions

{ The rate of temperature rise was too rapid to keep the

reaction under control and obtain good carbon balances. Runs 17 through 22 were

i m_Ideusing slower heating rates.

T-
f

I a. Test Conditions

A mixture of basalt (50.12 g) and-carbon black (5.02 g) was

l placed in the silicate reactor using a zlrconia crucible. Tungsten wire (2.75 g)

was placed in the crucible to test compatibility with the m_terials of the reaction.

_ Th=-argon puI_e was set at 0.96 scfh through the reactor and the temperature was

slowly raised. The variables during the run are given in Table 7.

[_ Figure I illustrates the variation in temperature and car-

bon monoxide content of the gas with time. The temperature was slowly raised to

I 1400°C over a period of 3-I!2 hours. During this time, carbon monoxide was evolved,

giving a peak value of 3.33 vol% in the outlet gas before dropping to 1.60%. This

l temperature and rate of carbon monoxide e_lution were maintained for 1-1/2 hours;
the temperature was then raised to 1520°C where the carbon monoxide evolution in-

i creased to 6._9%. After i-i12 hours, the carbon monoxide evoluticn again felluntil the temperatmre was increased to 1670°C where the carbon monoxide content rose

to ll.l%. The temperature was raised to 1730°C, but the carbon monoxide content

I rapidly fell to less than 2% before the run was terminated.

i b. Results and Conclusions
The initial peaks of ,_arbonmonoxide evolution represent

"li reduction of iron oxide. The basalt sample co:ts,ned 11.86% of iron oxide (as Fe203)

i
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and %ould require 1.34 g of carbon if present as Fe203. The carbon monoxide evolved

for the first 2-1/2 hours represents about 1.O g of carbon. Other reducible

materials in the basalt were titanium oxide (2.47%as Ti02) and sodium oxide (3.73%

as Na20). These oxides would consume O._3 g of carbon. Consequently, only 35% of

the carbon could have been oxidized by materials other than silica. The fact that

89.1% of the carbon was recovered as carbon monoxide indicates that a considerable

portion of the silica of the sample was reduced at temperatures as low as 1550°C.

! Only a small amount of material (14.1 g) remained _n the crucible; part of this was

metal (7.38 g). Metal beads were also found on the inner side of the tungsten

_ susceptor. _9
I

_ Analyses of the slag, metal, and sublimate are listed in

_lU Table 8. The slag contained 85% aluminum; the metal contained 66% iron, 13% tungsten, _

and 10% silicon. The sublimate contained 61% of the highly volatile sodium. The !

fact that the tur_sten was dissolvea in the metal indicates that tungsten crucibles
cannot be used in this reaction.

B 8. Run 18
a. Test Conditions

A mixture of granite (50.0 g) and carbon (5.0 g) contained

in a zirconia cl_cible was placed in the reactor. With the argon purge set at 0.96

_ scfh, the temperature was slowly raised over a period of 8 hours. The variables

during this time are given in Table 9. Figure 2 shows the variation of temperature

• |{ and carbon monoxide percentage in the product gas. The experiment was continued

_mtil the carbon monoxide percentage dropped to nearly zero.

!i b. Results and Conclusions

Much less carbon monoxide was pro¢_uced at low temperatures

iI (about lO00°C) than was obtained in Run 17. This is due t,,the lower percentages

of reducible oxides in the granite which contained only small _mounts of iron

lJ' oxide (2.05% as Fe203) , sodium oxide (3.10%), and potassium oxide (_.90%). These
t;

oxides would require 0.85 g of carbon for complete reduction (i.e., 17% of the

il initial carbon charge). Carbon oxides recovered account for 73% of the carbon; the

silica reduction therefore accounts for most of the carbon monoxide evolved at

• 1550°C or higher. The _lag r.---terialhad non-magnetic pieces of metal dispersed

I throughout. The l_ck of a carbon balance could be due to reaction of silicon with

1964016442-014
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[i carbon to form silicon carbide. An analysis of the slag (Table 8) showed that it
v._j

contained 2.3% carbon (or nearly 20% of the carbon charge). Seven percent of the
f
) carbon is unaccounted for. The results of this run show that reduction of silica
C

in granite can occur at usefUl rates at temperatures as low as 1550°C.

f-

i 9. Runl__
Run 19 was a repeat of Run 17 except that an alumina cracib!e

l

was used. Data obtained during the run are given in Table lO. The rate of tempera-

ture rise is close to that for Run 17 but the final temperature reached was only

! 1612°C, compared to 1650°C in Run 17. The amount of carbon recovered (78%) is also
i
_. less than that recovered in Run 17. Inspection of the alumina crucible after the

I run showed that it had sagged aad broken. Due to the low final temperature andbroken crucible, only 78% of the carbon was recovered as carbon oxides.

i0. _h_.m20 and 21
Run 20 was a repeat of Run 18 except tha_ a coarse-grained zir-

eonia crucible and smaller quantities of reactants were used (42.0 g of granite and

h.2 g of carbon). The data obtained during the run are given in Table ii. A slight-

ly higher temperature was reached at the end of Run 20 than was reached at the end

of Run 18. _he amount of carbon recovered as carbon monoxide Is 67.6% compared to

65.3% in Run 18. The crucible and melt were recovered intact from this run. In

; Run 21 this crucible and its contents were reheated to 1770°C to recover more of

the carbon as carbon monoxide. The data are given in Table 12. Additional carbon

(0.49 g) was recovered as the oxide. The total amount of carton recovered is 88%

of the charge of Run 20 (Table 4). The analysis of tne metal produced in the reac-

tion gave 62.9% i1_n and 19.5% silicon.

Ii. Run 22

I a. Test Conditions

"' I A rtunwas designed to determine the temperature and rate of
( the reaction between silicon carbide and granite. Because silicon carbide can easily

form from sil con and carbon present in the reaction mixtures of the above runs,

i(I_I carbon io_ses would be realized if _i licon carbide remained unreacted in the mixture.
" Granite (37.5 g) was mixed with finely divided silicon carbide (12.5 g) in a zir-

_! conia crucible and gradually heated in the reactor to 173_C. The data obtained

i
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J

during this run is given in Table 15. Figure 3 shows the time rise in temperature :"

and carbon monoxide content of the exit gas. Almost .noreaction took place below

llOO°C; about 7% of the reaction took place between llOO and 15OOOC. As the tempera-

ture was slowly increased from 15(X)°Cto 1738°C, the reaction rate gradually In-

creased and then rapidly decreased as most of the carbon was consumed.

b. Results and Conclusions

About 83% of the carbon in the silicon carbide was recovered

as carbon monoxide and carbon dioxide (Table 4). Only a sme_llamount of a dark-

colored metallic-looking slag was left in the crucible. Although exact quantitativel

( data could not be obt_ned, it was estimated that not more than 9% of the carbon was !-

left in the slag. The rest was probably trapped in the crucible walls and in the

crucible cover, both of which were noticeably blackened. The crucible was intact

alt_ugh it had been appreciably penetrated by carbon and other components of the

melt. The zirconia granules (14 to 36 mesh) which were used for insulation around
J

the susceptor were also caked at the top and bottom, indicating that they may also

have entered into a reaction with a small amount of the carbon. The analysis of i_

the metal recovered from the melt gave 58.6% iron and 28.0% silicon. These results

indicate that if silicon carbide is formed from a reaction between granite and

[_ carbon, an excess of granite will react with the carbide to produce silicon and

carbon monoxide. The rate of this reaction is comparable to the production of car.-

_! bon monoxide from granite and carbon.

B. EQUIPMENT MODIFICATION

:tl
i. Cooling Hydrogen •

y F_rly runs (ii to 14) have shown that it was not possible to
maintain a high reactor temperature when large quantities of hydrogen were passed

_| into the reactor. This is partly because of the cooling effect of the hydrogen and
U partly due to the poorer insulating ability of the hydrogen-filled insulation;

r

hydrogen in fact has about a lO-fold larger thermal conductivity than argon.

N Therefore, in future runs the amount of hydrogen used for cooling and/or methane

dilution will be maintained at an absolute minimum. In addition to this, provision

_I is being made for an argon purge to keep the _t zone of _
'th e reactor filled with

• !
argon rather than .ydrogen.

Page 10
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III Technical Discussion, B (cont.) Relx_rtNo. 0765-02-_J

, 2. Inlet Tube Design

A more elaborate i,Llettube has been designed and constructed for
t

[/ the methane inlet t_ the molten rock (Figure 4). In this design, three concentric
alumina tubes are used. The inner tube carries the methane and the other two carry

the hydrogen coolant. The hydrogen is discharged above the hot zone in the furnace.
In addition to the trlple-walled tube, an inverted bell consisting of a l-in.-OD

closed-end zirc_nia tube is used. This inverted bell sex%.esas a reaction chamberwhere the methane can be thermally decomposed in the vapor space above the _iten

rock. The finely divided carbon-hydrogen mixture is then forced out thrqugh serra-(

i .tions in the bottom of the "bell" and up through the molten rock where the carbon

reacts with the oxides and silicates. In this design, the tip end of the triple-

i_ walled tube can be near the top of the hot zone or, If necessary, above the hot

zone to minimize cracking of methane and evenhuol clogging of the inlet tube_ This

tube will be tested in the near future.

iv zmmE WORK(R_UCTIONOF IGmDUSROCK)

Reduction of silicate materials with carbon and with methane-hydrogen gas

mixtures will he continued. New inlet tubes will be tested. New and better materials

I of construction will be and tested order for
sought in to permit operation longer

£eriods of time and at higher temperatures so as to facilitate better carbon re-

I.. coveries.
V. PERSONNEL

The senior staff assigned to this program was comprised of 8. D. Rosenberg

(Project Engineer), G. A. Guter, and F. E. Miller.

: VI. EXPENDI_RES AND COMMITMENTS

Approximately lO00 man-hours and $14,200 were expended on Contract NAS 7-225

during this report period.

I
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_- (Cactua Flats)

ChouLtoal AnalY8is. , SvoctroKragl_Le Lnalys:L8
Coutituent Wt_ Constituent Wt_

810_ 71.58 S2 28.

_.} u2%" 15._ J,l ii.
K_O 4.90 K 4.7
411,

{

I Na20 _ •10 Na 2. I(

Fe203 2.05 Fe 1.4

CaO 0.70 Ca 0.42
I_ 0.61 !_ 0.23

Loss at 10500, H20 0.25 Tt 0.14• Lose between F,n 0.043

105 and 600°(:, H20 0.20 Fo 0.022(
E.... Zr 0.021

Sr 0.011

! v 0.0037t
Oa 0.0036

I Cu 0.0028
Or 0.00075

l Ba traceCO trace

Ni trace

'_| Other elements n_l[r

[

_ I'i Table 1
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TABLE3

ANALYSISOF BASALT

(PisgahCrater)

[
..... Che_¢al Analysis SpectroA_a_hi¢ AnalFsls

Constituent _ C.ons$I.,.tuen_: " W.W.W.W.W.W.W.W.W.W_
SiO2 46.48 St 27.

AI203 16.27 A1 11.
Fe203 11.86 Fe 6.5
CaO 9.05 Ca 2.1

_ 8.50 _ 5.0

Na20 5•73 Na I.2

TiC2 2.47 Ti I.3

SO4 0.O0 Mn O.13

Sr 0.042Loss at IOSOC, H20 0.28 Zr 0.022
Loss between V 0.018

105° and 550°C,H20 0.33 Cr 0.O16
Ni 0.O10

o. 0.oo33
Oa 0.0034

CO 0.003!Ba trace

Other elements nil
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il TABLE 4

• ._ ROCK REACTOR CARBON BALANCES

!I '
J g

} Carbon Carbon R,covered Total a

' 15 3.50 3_Q6 0.11 3.17 90 :

; -_ 16 5.00 2,96 0.35 3.31 66

17 5,02 4.47 0.05 4.52 90

_: 18 5.00 3,26 0.39 :).65 73

" 19 5.00 3.19 0.69 3.88 78 }

i 21 4.2o 3.34 o._6 3.7o 88
'" 22 3.75 2.99 0.I0 3.09 83 i
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